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L PROJECT SUMMARY.

This effort sought to exploit advanced single crystal tungsten-tantalum alloy
material for fabrication of a high strength, high temperature arcject anode. The use of this
material is expected to result in improved strength, temperature resistance and lifetime
compared to state of the art polycrystalline alloys.

In addition, the use of high electrical and thermal conductivity carbon-carbon
composites was considered, and is believed to be a feasible approach. Highly conductive
carbon-carbon composite anode capability represents enabling technology for rotating-arc
designs derived from the Russian Scientific Research Institute of Thermal Processes
(NIITP) because of high heat fluxes at the anode surface. However, for US designs the
anode heat flux is much smaller, and thus the benefits are not as great as in the case of
NIITP-derived designs. Still, it does appear that the tensile properities of carbon-carbon
can be even better than those of single crystal tungsten alloys, especially when nearly-
single-crystal fibers such as Vapor Grown Carbon Fiber (VGCF) are used. Composites
fabricated from such materials must be coated with a refractory carbide coating in order to
ensure compatibility with high temperature hydrogen.

Fabrication of tungsten alloy single crystals in the sizes required for fabrication of
an arcjet anode has been shown to be feasible. Test data indicate that the material can be
expected to be at least the equal of W-Re-HfC polycrystalline alloy in terms of its tensile
properties, and possibly superior.

We are also informed by our colleagues at Scientific Production Association Luch
(NPO Luch) that it is possible to use Russian technology to fabricate polycrystalline W-
Re-HfC or other high strength alloys if desired. This is important because existing engines
must rely on previously accumulated stocks of these materials, and a fabrication capability
for future requirements is not assured.



II. INTRODUCTION AND OVERVIEW

Perspectives from the Scientific Research Institute of Thermal Processes (NIITP)
indicate that arcjet thrusters are of special interest among electric propulsion engines
because they are perceived to be a credible near-term method to achieve high specific
impulse propulsion systems. NIITP perspectives are summarized in reference 1 and are
updated here.

Having smaller specific impulse (Isp) than electromagnetic and ion thrusters, arcjets
provide a rather high absolute thrust level. For this reason arcjet thrusters are particularly
attractive for solving a number of space technology problems, especially for such
applications as orbit transfer of spacecraft having electric power sources.

Among their deficiencies are limited specific impulse, which is mainly due to the
thermodynamic nonequilibrium nozzle exhaust and thruster limited lifetime related to
electrode erosion and distortion in the arc discharge region.

The majority of efforts on advanced arcjets are focused on thrusters of low to
moderate power (less than 80 kW). Although the arcjet itself scales favorably to even
higher power levels, this is perceived to be not necessary in view of the status of power
supply technology. Even with the advent of thermionic nuclear power systems, it is likely
that most satellites will be limited to several kilowatts, at least for the next several years.
This is adequate for applications such as drag makeup, attitude correction and
maneuvering.

Accordingly, it is reasonable to assume that few-kilowatt or lower arcjets based on
working fluids such as hydrazine or ammonia, are likely to represent the state of the art for
the near term.

Future development efforts may emphasize higher performance working fluids
such as liquid hydrogen. For the very far term, it is possible to consider megawatt-level
electric propulsion devices. Such devices can be tested experimentally, though spacecraft
power supply technology limitations prevent their utilization in space at present.

At any rate, as the thruster size is scaled to several megawatts, a reduction of
losses relating to nonequilibrium nozzle flow may be expected, as compared to the
previously mentioned low power thrusters. Calculated loss reductions can be observed in
Figure 2.1. For example, scaling from 30-50 kW to the 5-7 MW level (nozzle length 0.5
m) causes the specific impulse to be augmented by about 160 s, making it possible to
obtain 1900 s I, at the thruster chamber temperature of 6000 K.

Calculations have been made for a thruster chamber temperature of 6000 K and for
a thermodynamic equilibrium state at this temperature. One dimensional nozzle reacting
gas flow has been calculated. Most of the chemical reaction rate constants for dissociation
and recombination were taken from the work of Kondratiev? The method of rigid
systems of ordinary differential equations offered by Gir has been used, implemented in the
program developed at the Institute of Applied Mechanics.*

For the problems of interest, thruster specific impulse nears an asymptotic limit
when the nozzle outlet to nozzle throat area ratio is more than 500 to 600, for a nozzle
length of about 0.5 m. An additional nozzle length increase up to 1.5 m provides further
specific impulse augmentation of about 70 s. The same gain can be obtained without
nozzle length extension but by changing the nozzle profile so as to provide the initial



supersonic nozzle part with a more smooth profile with smaller temperature and pressure
gradients. Potential gains in I, are shown in Figure 2.1. The results show that a nozzle
contour should be specially profiled to provide hydrogen or other propellant
recombination reactions.
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Figure 2.1. Hydrogen Thruster Specific Impulse Versus Nozzle Area Ratio for Various
Arcjet Configurations.

The increase of the arcjet thruster chamber temperature results, naturally, in a
specific impulse increase (see Figure 2.2). However, the efficiency of conversion of gas
enthalpy in the thruster chamber into kinetic energy (thrust efficiency m) is significantly
decreased, reaching a value of 0.56 at a chamber temperature of 6000 K (n is the ratio of
the nozzle outlet kinetic energy to total gas enthalpy in the thruster chamber).
Eschenroeder showed that some thruster specific impulse increase could be achieved with
1% carbon addition to hydrogen at the chamber temperature of 4500 K and at some
(purposely increased) values of reaction rate constants.®* During a discussion of this work
Eugden suggested that probably the reaction

NO+H+M —-> HNO+M
HNO+H —» H, +NO

could have a strong catalytic effect.



Preliminary calculations for a chamber temperature of 6000 K, pressure 1 Mpa
with 1% N and 1% O, addition to hydrogen did not give the expected result. The

reactions system and speed constant values used in these calculations were taken from
Sheshadri.¢
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Figure 2.2.a Calculated Specific Impulse as a Function of Effective Chamber Temperature
for a Nozzle Area Ratio Between 500 and 600; P = 1 MPa.
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Figure 2.2.b Calculated Efficiency as a Function of Effective Chamber Temperature for a
Nozzle Area Ratio Between 500 and 600; P = 1 MPa.

The effect of hydrogen recombination via reactions suchas H+ H+ H—> H, + M
rate constant should be considered in additional detail. As it has been already mentioned,
the value of the reaction rate constants were taken from the work of Kondratiev were
used to evaluate the case when the third particle was atomic hydrogen (H).* Similar
results were obtained when using the reaction rate constant of Bashkin.’

However, for the case in which the third particle is assumed to be molecular
hydrogen, the hydrogen recombination rate constants lead to much smaller specific
impulse valises: 1700 instead of 1900 seconds (for Tamper = 6000 K). This once again
emphasizes the degree of theoretical analysis reliability and the importance of its
experimental verification.

Other propellants instead of hydrogen are likewise of interest. In particular
ammonia and helium have some good performance qualities. The results of calculations
showed (see Figure 2.3) that when employing these gases 800-900 s specific impulse
could be expected as the thruster chamber temperature T = 6000 K.
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Figure 2.3.c Thruster Specific Impulse Versus Nozzle Area Ratio for Helium.

Electrode Lifetime Issues

As far as electrodes lifetime is concerned, a great deal experience has been gained
while working with arcjet plasmatrons, since the working process of discharge chambers
of which has much in common with those of arcjet thrusters. In this regard, arcjet
plasmatrons have successfully demonstrated satisfactory performance while generating
high temperature flows of hydrogen and other propellants.

Pustogarov reported the results of experimental investigations on performance of a
coaxial plasmatron with a butt-end cathode fabricated from W-La® The cathode diameter
was 7-100 mm, the anode diameter was 20-74 mm. The magnetic field solenoid induction
changed within 0.06 t0 0.1 T.

The plasmatron thermocathode lifetime investigation results are given in Table 2.1.

Table 2.1. Plasmatron Cathode Lifetime Results.

Current I Pressure P Cathode dia.,d_, | Run time, t, Cathode
kA bar cm min erosion G, g/K
0.2 4 1.0 4 42x10%
0.3 4 1.0 4 3.8x10%
0.5 4 0.1 4 1.0x 103
0.7 4 0.1 4 1.1 x 105
0.95 4 0.1 4 6.2 x 104
0.35 1 1.0 4 1.7 x 107
0.35 4 1.0 4 3.8 x 106
0.35 7 1.0 4 1.9 x 10-3
0.35 13 1.0 4 4.0x 105




The total current distribution among several electrodes was used to increase the
thermocathode lifetime. The results of plasmatron experimental investigations are
available, where the thermocathode consists of eight electrodes fabricated from W-La
alloy.

The plasmatron incorporates an additional stage where the propellant is heated.
This propellant is intended to be used for preheating the thermocathode electrodes of the
primary stage before its switch-on.

Thermocathode preheating up to the temperature corresponding to thermionic
emission provides the uniform total discharge current distribution among several
electrodes (cathodes) with arc diffusion localization. It delays the onset of erosion of the
electrodes and decreases the cathode erosion rate significantly.

The plasmatron was tested using helium as propellant. The erosion of eight
electrode thermocathodes was determined experimentally as G = 2 x 108 g/K.

Induced Magnetic Fields as a Means of Decreasing Erosion

Efforts at NIITP have shown that electrode erosion can be substantially decreased
by applying an induced magnetic field.® This results in a high volt-ampere ratio for the
discharge (i.e., the effective plasma resistance is lowered) and hence increases the relative
power input to the propellant flow. This in turn makes it possible to obtain high rotation
speeds of discharge near the electrode zones and to increase significantly the electrode
lifetime due to the rotational zones displacement.

NIITP tests reportedly have shown that erosion could be decreased up to 10-7 g/K,
and the cathode lifetime could be brought up to 10,000-20,000 hours, which finally
indicates the feasibility of creating a new generation of electric thrusters.

In this case, anode lifetime is more of an issue than the cathode lifetime. Of
particular importance is minimizing the thermal spiking which occurs as the arc rotates
along the surface of the anode.
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Figure 2.4. Conceptual Illustration of Thermal Cycling Experienced on a Spot on an
Arcjet Anode Subjected to a Rotating Arc.



The differential equation describing time variant heat conduction is

F1_tor
ox: o &

where T is the temperature (K), x is the spatial coordinate (cm), and thermal diffusivity o
is given by

where in turn k is the thermal conductivity (W/cmK), p is the density (g/cm3), and c is the
specific heat (J/gK).

Solutions to the time-dependent thermal conduction equation can be obtained
using straightforward numerical modeling techniques. The boundary conditions which
need to be applied will modeling the heating of the anode via electron bombardment,
radiative and convective heat transfer between the anode wall and gas; and so on.

However, it is not necessary to completely solve this equation. The general
character of the cooling of the anode will be an exponential function of thermal diffusivity:

T=A exp(-Bat) ,
where A and B are determined by the boundary conditions. The key observation is that
the cooling of the anode will be controlled by the thermal diffusivity, the higher the
thermal diffusivity, the cooler the anode and the higher the heat flux which can be
accommodated.

For this reason, efforts at NIITP have concentrated on copper anodes for this
purpose, even though the copper melting point is only 1356 K. At 1000 K, the thermal
conductivity of copper is 3.48 W/cmK, density 8.9 g/cm?, and heat capacity of 0.38 J/gK.

Thus the thermal diffusivity of hot copper is equal to 1.03 cm?/sec.

For carbon/carbon composites, the heat capacity is 0.709 W/mK, thermal
conductivity of 8 W/cmK and density 2.0 G/cm3, leading to a thermal diffusivity of 5.6
cm2/sec. This is high enough to solve the thermal spiking problem. Moreover, carbon-
carbon remains strong at high temperature. The limiting factor will be the effectiveness of
refractory carbide coatings in protecting the anode from attack by hydrogen.

US Perspectives on NIITP Concept

In the US and in other western nations over the past ten years, excellent progress
has been made on improving cathode lifetime via improved thermal design of the cathode.
Lifetimes comparable to or even in excess of the NIITP claims appear to be within the
state of the art. Thus, the motivation for adopting a rotating arc design appears to be less
obvious, unless additional performance advantages can be indicated. Thus far, the US



community has not been made aware of performance advantages using this approach
which can not be obtained through an alternate, less radical approach.

For this reason, emphasis in this effort was shifted towards the consideration of
refractory metals for arcjet electrode materials. Single crystal tungsten alloys may be
superior to polycrystalline alloys especially as far as the development of a long-lived anode
is concerned.
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III. REFRACTORY METALS FOR ARCJET ANODE APPLICATIONS

W-4Ta is one of the strongest materials in the world. CIS data shows that its creep
strength surpasses W-Re-Hf-C polycrystalline material which was selected for study in
several US efforts on high creep strength materials.

The advantages of single crystal refractory metal alloys can be observed from
Tables 3-1 and 3-2, and Figures 3.1 through 3.4. Material compatibility, resistance to
diffusion of carbon, and high creep resistance are the primary attractive properties of these
alloys for thermionic emitter claddings.

Molybdenum single crystal alloys also exhibit much more impressive tensile
properties at high temperatures than polycrystalline alloys. However, the molybdenum
series does not exhibit the same high temperature tensile strength and creep resistance as
the tungsten series.

Figure 2.2 illustrates the creep rate of several refractory metal materials at 1923 K.
It is worth pointing out that some tungsten alloys, notably W-Re-HfC exhibit excellent
mechanical properties, though W-4Ta is claimed to be slightly superior.

The results of accelerated creep testing are shown in Figure 2.3 for W-4Ta single
crystal alloy and several other high creep strength materials developed in the US. The
results show that W-4Ta offers superior characteristics to other materials.

Table 3-1 Some Properties of Molybdenum Single Crystal Alloys

Properties Temperature
293 K 1723 K 1923 K 2273 K

Thermal 120-160 90-105
Conductivity, W/mK

Electrical Resistivity, | 5-0-7.0 54-70
uQ cm

Ultimate Tensile 450-600 25-200 10-120
Strength, MPa

Steady-State Creep 1.6x 104 1.6 x 10°3
@ 10 MPa, %/hr

Table 3-2 Some Properties of Tungsten Single Crystal Alloys

Properties Temperature
293 K 1723 K 1923 K 2273 K

Thermal 100-130 90-110
Conductivity, W/mK

Electrical Resistivity, | 5-0-8.5 54-70
pQd cm

Ultimate Tensile 1000-1500 50-200 15-150
Strength, MPa

Steady-State Creep <10-3
@ 10 MPa, %/hr
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Figure 3.1 Creep Rate of Various Refractory Polycrystalline Alloys (PCA) and Single
Crystal Alloys (SCA).
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Figure 3.3 shows the 10-6 strain per second creep strength of several creep
resistant materials.
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Joining of single crystal refractory metal components is a complex process.
Normal welding techniques can not be used without destroying the single crystal aspect of
the metal. Zone refining can be used to make virtually undetectable joints between two
pieces of the same material. However, it is extremely important to align the two pieces
perfectly, otherwise defects result.

For this purpose, x-ray diffraction photographs must be used to make a precise
alignment prior to zone refining.

We do not have access to protocols describing the procedures to be followed for
making joints in the materials using this technique; only assurances from Luch that it can
be done.

ILA FABRICATION ISSUES FOR ARCJET ELECTRODES

Because of the success of the technology for high temperature, high stress
applications such as nuclear fuel element claddings, it makes sense to consider their use for
other high temperature applications such as arcjet electrodes.

The following observations may apply:



a. In the case of the cathode, the tip of the cathode must be kept at a very high
temperature in order to achieve high emission current. Under these conditions, the
melting point of the cathode is one of the key features, not necessarily the tensile
properties per se. Accordingly, the higher strength of these alloys may be irrelevant for
the cathode.

b. For the anode, thermal stresses are a serious problem, and the availability of
creep resistant materials is certainly important. Compared to pure tungsten, it is clear that
these materials are far superior in terms of strength and creep resistance. However, the
creep properties shown above indicate that the improvement over W-Re-HfC
polycrystalline alloy is only an incremental one.

c. Although Russian institutes have begun to publish data concerning the
properties of single crystal alloys, the material data base is still relatively skimpy. Efforts
at NASA LeRC and elsewhere are confirming and improving upon the data given to us by
Russian technologists, but more data must be accumulated to gain confidence in the
properties of these materials. We are led to believe that large amounts of data have been
accumulated by Russian specialists in support of the thermionic conversion programs, but
this must be regarded as hearsay until technical documentation is available. Of particular
weakness is data relevant to machining these matenials; for example, fracture and shear
resistance along crystalline planes would be very helpful. Defect density and variation of
uniform crystal orientation would likewise be helpful in evaluating the quality of individual
ingots.

d. We are told the two strongest candidates for high temperature, low creep
applications are W-Ta and W-Nb. Of these two, W-Ta is said to be slightly superior.
However, both have additives which form hydrides in reducing atmospheres. Therefore,
hydrogen embrittlement and/or ablation must be considered as possible life-shortening
factors for arcjet electrodes, particularly in view of the high temperatures and thermal
cycling which are present.

e. We are also told that W-Ta is formed using a Czochralski technique; whereas
W-NDb is manufactured using zone refining. The W-Nb is apparently difficult to fabricate
in large specimens; i.e., as long as 10 cm. This statement again is something more than
hearsay, but something less than substantiated scientific fact in the absence of good solid
data.
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Figure 3.5. Fracture surface of single crystal shard, 100x magnification.
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Figure 3.8. Crystal shard

seen.

400x. Cutting striations can be plainly

seen, but some crystalline structure is barely perceptible in the original photograph.
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Figure 3.9. Crystal shard
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Figure 3.10. Crystal shard, showing machining marks from NPO Luch, 50x.
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Figure 3.11. Crystal shard, showing mat::hiniﬁg marks from NPO Luch, 100x. Some
pitting is also visible.
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Figure 3.18. SEM photomicrograph of Luch-machined area. Crystalline layer structure
can also be observed.
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Figure 3.19. SEM photomicrograph of fracture area. Crytalline pléhs

observable.

Figur 3.20. SEM Phoomicrogph of fracture surface.
visible.
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IV. CARBON COMPOSITES FOR ARCJET ELECTRODES

A new generation of carbon composites makes it possible to consider composite
anodes for arcjet engines. Because of the excellent high temperature tensile properties of
carbon-carbon which can now be combined with high electrical conductivity, it is possible
that these materials can be attractive for arcjet anodes providing that refractory carbide
coatings such as tantalum carbide, hafnium carbide or niobium carbide, can be shown to
have adequate resistance to attack from reducing atmospheres such as hydrazine or
hydrogen.

Moreover, for NIITP designs which attempt to obtain higher cathode lifetime via a
rotating arc, carbon-carbon composites are expected to support higher current densities at
with smaller thermal transients that the copper anodes now inuse. In addition to the much
higher temperature capability of carbon-carbon, it also has a much higher thermal
diffusivity, and thus will minimize the effects of thermal cycling. It must be added,
however, that US experts currently do not accept NIITP claims for enhanced cathode
lifetime and performance through this design.

The key to an arcjet anode with high thermal diffusivity and low electrical
resistivity is the use of vapor grown carbon fiber (VGCF).

Of greatest current interest is the ultra high thermal conductivity of VGCF, which
exceeds that of any other carbon fiber. Thus VGCF reinforced carbon composites
(VGCEF/C) are attractive for use in numerous high heat flux applications.

VGCF is produced by the decomposition of hydrogen/methane gas mixtures in a
two step process. First is growth, which is accomplished via a catalyzed deposition
reaction. A hydrogen-methane mixture is decomposed at around 800 C, with the aid of a
iron or nickel-based catalyst. The catalyst, in the form of a small ball about 10 nm in
diameter, is believed to function as a nucleation point for carbon fiber growth. As carbon
atoms impinge upon the metal ball, it is presumed that they are very mobile. However, as
the carbon atoms begin to impinge upon each other, they bond securely in a graphitic
bond. Rather than forming a plane, however, the graphitic sheet wraps around itself to
form a cylindrical sheath, as depicted very schematically in Figure 4.1 (for the sake of
simplicity, only a few atoms are shown. Actually, the dimensions of the catalyst must be

on the order of 102 to 104 carbon atoms in order to promote the formation of a cylindrical
sheath).

Thus, the metal catalyst acts as a sieve for pyrolytic carbon atoms, with the result
being that carbon fibers are nucleated and grown from the catalyst particle. These fibers
can grow up to several cm long.

In the second stage, graphite fibers are fattened by elevating the temperature by
some 300 ©C and increasing the concentration of hydrocarbon gas. The result is that
additional layers of pyrolytic carbon are deposited. Thus, unlike virtually all other
graphite fibers, which have a radial geometry, VGCF fibers grow in an "onion skin"
geometry as depicted in Figure 4.2.

25



Catalyst

Figure 4.1. Nucleation of Carbon Fiber by Metal Catalyst

There are several different versions of VGCF. One version is grown with the
catalyst particles imbedded in a solid substrate. The fibers thus grow attached to the
substrate. Depending on the orientation of the substrate surface versus gravity and the
flow direction of the precursor gasses, the fibers can be grown in a mat, or in a short
staple tow. This process is a batch process, although work is progressing on developing a
continuous fiber with similar characteristics.

a. VGCF "Onion Skin" Geometry

b. Conventional Radial Fiber Geometry

Figure 4.2. Illustration of Fiber Geometry
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Figure 4.3. Electron Photomicrograph of 100 u Diameter Fiber Cross-Section

The purity of the carbon source and the mechanics of fiber growth result in a
highly graphitizable fiber with a unique lamellar morphology and physical properties
approaching those of single-crystal graphite. Single fiber properties of VGCF are
summarized in Table 4-1.

The property which has been shown to have the greatest short-term potential for
exploitation as an engineering material is the thermal conductivity. As shown in Table I,
single filaments of VGCF heat treated at 3000 C exhibit an extremely high thermal
conductivity approaching 3000 W/m-K at 150 K, and a room-temperature thermal
conductivity of 1950 W/m-K. ' VGCF has a unique microstructure, as shown in Fig. 1, in
which the graphitic basal planes have a high degree of preferred orientation and are nearly
parallel to the fiber axis. > > As a result, VGCF is more graphitizable than ex-PAN fibers
and pitch fibers, thus accounting for the excellent physical properties shown in Table 4-1.
Figure 4.4 compares the thermal conductivity, as well as electrical resistivity, of VGCF to
other carbon fibers and metals.
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Table 4-1. Physical and Mechanical Properties of Single-Fiber VGCF.

Property As-Grown | After
Annealing
@ 2800C
Length, cm 10-3 -30 103 .30
Diameter, cm 10-3 -30 10-3 - 30
Density (g/cm3) 1.8 2.0
Tensile Modulus (GPa/Mpsi)
lower bound 230/33 360/52
upper bound 400/58 600/87
Tensile Strength (GPa/Mpsi)
lower bound 2.2/031 3.0/0.43
upper bound 2.7/0.39 7.0/1.0
Ultimate Strain (%) 1.5 0.5
Electrical Resistivity (u€dcm) 1000 60
Thermal Conductivity Microohm in
WimK 3.937 39.37 393.7 BTU/hr-ROF
10000 E T T y
']ioopSGCF K-1100
™~
1000 F ~o P-120 4 5778
F Vd %e P-100
P-120X .\p_ 75
5 e P-55 ] 57.78
100 \, T-60
\. P-25
10 | \.'r—aoo 4 5778
1 Py 42 2 asaal A A2 22 asszl A A_a o 23222}
0.1 1 10 100

Electrical Resistivity, microohm-m

Figure 4.4. Thermal Conductivity and Electrical Resistivity for Metals and Carbon Fiber.

VGCF/Carbon Composites

Since their earliest development, composite materials have mostly been used for
various structural applications. Recently, applications for composite materials in thermal
management have emerged. * Thermally active composite materials meeting demanding
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criteria for density, conductivity, and cost have been demonstrated. VGCF/C composites,
having a density lower than aluminum and a thermal conductivity three to four times that
of aluminum, is seen to hold significant potential for high performance thermal
management components. Steps remaining in the exploitation of VGCF reinforced
composites include refinement of methods for composite fabrication and the evaluation
and optimization of thermal and mechanical properties of the composites. Towards these
goals, effects of fiber loading, composite density, and densification method on VGCF/C
composite properties have been studied and some results are presented below.

The use of reinforcing fibers greatly enhances the properties of a monolithic
material. The benefit of using higher fiber volume fractions (FV) is realized only to the
limit where adverse effects from fiber packing occurs. The limit is determined by factors
including packing efficiency and fiber damage. The latter is particular true when highly
graphitic carbon fiber, normally brittle, is used. For the initial development of VGCF/C
composites, we have investigated the effect of fiber loading and fiber brittleness on
properties of the resulting composites. *

These preforms are then densified by the chemical vapor infiltration technique at
about 1050 C in a gaseous mixture of about 80% CH,4 and 20% H,. The densification

time can be varied in order to obtain different final densities.

The best thermal conductivity measurement to date is 910 W/mK at room
temperature; however, even higher values should be possible with improved graphitization
of the carbon matrix surrounding the fibers, given that the starting thermal conductivity of
the fiber alone is ~1950 W/mK.

Liner Technology

The key to successfully incorporating a carbon-carbon anode or nozzle in an arcjet
will be to line it with a protective material. Carbon-carbon itself is chemically attacked by
hot hydrogen, and thus there is no question that it must be protected with an inert liner.
The liner must be able to withstand erosion over the lifetime of the thruster, and must be
able to conduct heat and electric current.

Two possibilities exist. The first is to use rhenium metal, which is one of the few
refractory metals to not form a carbide at high temperature. Moreover, rhenium is
impervious to attack by hydrogen. A small amount of carbon will diffuse through
rhenium, which may tend to degrade its structural properties over time. This needs to be
characterized with life testing to ensure that rhenium will be durable enough for specific
mission requirements.

Rhenium metal liners for rocket nozzles have been successfully demonstrated in
the past by TRW, but not for arcjet applications. Long duration integrity of the liner is the
predominant concern here. The largest unknown for rhenium is the effect of long term
thermal cycling. Adherence of the liner to a carbon-carbon substrate should be verified
under prototypic conditions.

In order to increase the adherence of rhenium to the carbon-carbon liner, an ion
beam injection technique could be used to form an effective bond between carbon-carbon
and rhenium surfaces despite the fact that there is no chemical affinity between carbon and
rhenium. Once a layer of ~0.5 microns of rhenium is deposited on the surface of the
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anode, it would then be possible to add additional thickness via chemical vapor deposition
or a similar technique.

Ton beam implantation techniques have come into increasingly common use in the
past decade. Ion implantation is the process of introducing atoms of alloying elements
into the surface layers of a solid material by accelerating the atoms to high energies (50 to
200 kilovolts) and allowing them to strike the surface of the material. The energetic ions
penetrate into the surface of the material to depths ranging from 0.01 to 1 micron
depending on the energy of the ion, thereby creating a thin, mixed surface layer.

When the ions interact with the target atoms, two forms of energy loss occur.
These are elastic scattering, and inelastic scattering. In the latter, interaction of the ion
with the electrons of the target material atom causes the target atom to be displaced. If
the displaced atom receives sufficient energy, it may cause additional displacements in a
subsequent collision cascade. These additional displacements continue until no atom in
the cascade has sufficient energy to cause displacements, generally in the range of 25 eV.
In the region which encompasses heavy ion cascade, (1,000 to 10,000 atoms) between
10% and 100% of the atoms in the target may be displaced. The considerable
rearrangement of atoms in the target is known as ballistic cascade mixing.

Typically, chemical bonds have a strength on the order of electron volts. Because
of the very high energy of the ion beam, extremely rigorous bonding occurs at the atomic
level. The ions are fired into the host lattice with sufficient energy that there is no other
possibility but for them to bond into the lattice, regardless of their chemical compatibility.
Thus material interfaces created using this method are likely to not de-laminate.

Indeed, this method has been used to make metallurgically "impossible” bonds
such as copper-to-glass, copper-to-rubber or gold-to-molybdenum. Material deposited
with ion beams does not come off with the so-called Scotch-tape test, epoxy test or any
other method except the grinding wheel. Thus, it is very important to understand that the
use of high energy ion accelerators is fundamentally different than CVD, plasma spraying
or other conventional techniques. This is why we are confident that we can create
adherent bonds where conventional methods fail.

Since the atoms are implanted ballistically and not through thermal action, there is
no need for the application of high temperatures.

Furthermore, the coatings applied in this manner are in compression at ambient
temperature, and relax as the substrate expands. Thus, the coatings are not only very thin
and adherent, but internal stress is relieved as the substrate is heated. Thus the ability to
withstand substantially mismatched thermal expansion coefficients, especially for the case
in which the substrate thermal expansion coefficient is higher than the coating, is excellent.

Graded interfaces, with maximum implanted atom concentrations at the surface of
the implanted material can be produced with a variation of direct ion implantation termed
jon beam mixing. In this process, a thin layer of one atomic species is deposited on the
surface of the material to be implanted. A beam of chemically inert atoms (typically, argon
or xenon is used) is then used to mix the overlayer into the substrate. Due to the highly
concentrated source overlayer, ion beam mixing is not limited by sputtering effects, and
the concentration of beam-mixed atoms on the substrate surface can approach 100 atomic
weight percent. The concentration gradients and distribution profiles can be tailored by
proper choice of beam mixing species, doses and energies. The absence of a
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discontinuous interface between the mixed surface layer and the bulk material leads to
excellent adhesion of the layer and less sensitivity to mechanical failure at elevated
temperatures and during thermal cycling.

Ton beam enhanced deposition uses high energy atoms to adherently bond the
atoms of a coating to the substrate. For example, in the case of silicon nitride or boron
nitride, silicon (or boron) would be deposited via ion beam induced sputtering.
Simultaneously, nitrogen ions will be fired onto the substrate, combining with the boron
and mixing the atoms at the atomic level. This is shown conceptually in Figure 4.5. For
purposes of clarity, the numbers of atoms are greatly reduced, and a simple homogeneous
array of atoms is depicted.

Ton beam mixing can be used to produce layers of metallic or other materials which
will grade continuously into the surface of the substrate. This is accomplished by first
depositing a thin layer of material (typically less than a micron) on the surface of the
substrate. Then an inert gas ion beam is used to bombard the surface, knocking atoms
from the coating material into the substrate at high energies, thus causing a ballistically-
induced physical bond. This technique is often used when relatively thick coatings are
required, or when a graded interface is desired. That is, the concentration profile will
smoothly change from 100% substrate to 100% coating material over a 0.5 micron depth.
Since ion-beam mixed surface layer is a graded interface, interfacial stresses will be
minimized during temperature cycling, and the mechanical stability of the surface layers
will be increased, thereby eliminating cracking and spalling. The graded layer will also be
bonded more effectively to the substrate surface since it is physically mixed into the
composite surface. The result is an exceptionally strong bonded surface.

This is expected to result in an excellent capability to withstand thermal cycling,
thermal shock and to minimize the effects of thermal expansion coefficient mismatches
within wide limits.
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Figure 4.5. Conceptual Illustration of Ion Beam Enhanced Deposition, by Which
Dissimilar Materials can be Adherently Bonded at the Atomic Level.
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Graded Interface

Magnified View

Figure 4.6. Conceptual Drawing of Graded Interface Produced at Microscopic Level.
The Graded Interface can be ~0.5 Microns Thick.

Work with other dissimilar materials has shown that exception bonding can be
produced using these techniques. An example using a rule of mixture (ROM) analysis,
neglecting anisotropy, is given below for the example of copper on graphite, which we
tested previously. These studies were carried out by J. M. Ting and M. L. Lake of
Applied Sciences, Inc.’

The assumed interface zone consists of a graded layer and surface layer; for
example in the copper-graphite system, the graded layer is formed by mixing copper atoms
into a graphite specimen surface. The surface layer is pure copper. The copper
concentration profile of such an interface zone is given in Fig. 4.7. As seen in this figure,
the concentration of copper changes linearly from 100% at the depth of 0.5 um to 0% at
the depth of 4.0 um. The pure copper layer has a thickness of 0.5 um. To calculate the
profile of CTE in this interface zone, the following values are assumed. In the calculation,
the values of CTE and elastic modulus were assume to be 4 ppnV/K and 27.5 GPa for
graphite and 17 ppm/K and 110 GPa for copper. In addition, the properties of graphite
are assumed to be isotropic. The following equation is then used to calculate CTE values
in the interface zone:

g E V, +aEq Vg,
E,V, +E,V,

a

where o, E, and V are CTE, elastic modulus, and volume fraction respectively. The
subscripts gr and Cu designate graphite and copper respectively. Accordingly, the results
are plotted in Fig. 4.8. As shown in this figure, by mixing copper atoms into graphite to
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create a graded layer and depositing an additional layer of copper, the value of CTE
changes gradually from that of graphite to that of copper. In addition to this advantage,
through IBED processing the joining of two dissimilar materials, graphite to copper,
becomes identical to the joining of the same material (copper to copper).
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Figure 4.7. Graded Interface, from Rutherford Backscattering Data.

20 T T T T T T T
19
18
17
18
15
14
13
12
1
10

CTE (ppm/K)

T T T T

1 1 1 I 1 i

.0 0.5 .0 s 2.0 2.5 3.0 3.5 4.0
Depth (micron)

Figure 4.8. Calculated CTE Profile, Based on RBS data

OO—‘NUAUQNQO

33



Evidence that the technology results in exceptional bonding between materials
which are normally not thought to be chemically compatible is contained in the studies
performed by Ting and Lake in the beryllium-Glidcop™ system.”

Bonds produced using our ion beam method have a very high thermal
conductance--higher than can be measured. This indicates a nearly perfect joint from a
thermal standpoint.

Table 4-2. Thermal Conductance (W/cmz-K) of Joints
Between C/C and Pure Cu.

ID CCO4HT- CCO9HT- CC10HT-Cu | CC12HT-Cu
Cu Cu

Thermal 14.42 10.40 11.93 14.96

Conductance

Filler 5003 5003 5003 5012

Table 4-3. Thermal Conductance of Joints between K-Karb™
and Glidcop™ Processed by Infrared Assisted Bonding Technique.

ID #1 #2 #3 #4 #5 #6 #7 #8 #9
Conductance | 042 | 021 [043 |067 [0.77 | 043 |0.79 | 0.21 0.48
(W/cm?2)

Process 105 | 1020 | 1050 | 1040 | 1020 | 1020 | 1020 | 1010 | 1000

Temp (°C) 0

Table 4-4. Thermal Conductance of Joints Between Glidcop™
and Carbon/Carbon or Be Alloy Processed by Diffusion Bonding.

ID CC92.14HT- CC92.14HT- Be-Cul Be-Cu2
Cul Cu3

Thermal 1.782 2.033 0772 0.774

Diffusivity

(Wem?/K)

Thermal 24.55 38.36 ~inf ~inf

Conductance

(W/cm?K)

Refractory Carbide Liners for Carbon-Carbon

A more straightforward approach for fabricating a liner for carbon-carbon may be
to employ a refractory carbide liner such as tantalum carbide, niobium carbide or
zirconium carbide.
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Such materials were developed in the 1960s for coating nuclear rocket fuel
elements, which were exposed to high pressure supersonic hydrogen at temperatures of
2700 K. Thus an extensive body of data exists on the properties of these materials.
General properties of refractory carbides are high melting point, excellent wear and
corrosion resistance, low vapor pressure and sublimation rate, and excellent hardness.
Electrical resistivity is typically a few times higher than that of pure refractory metal,
which is a acceptable for high current electrode applications.

For long exposures and thermal cycling in a hydrazine environment, probably the
largest issue is whether the coatings can remain sufficiently crack free to prevent corrosive
attack of the underlying carbon-carbon. Moreover, the presence of nitrogen in the
hydrazine will probably lead to the formation of a carbonitride phase on the surface, which
may have somewhat different properties than the pure carbide.

Table 4-5. Summary of Properties of Refractory Carbides."

Property TiC ZrC HfC NbC TaC

Mol Wt 59.91 103.23 190.61 104.92 192.89
Density, 493 6.9 12.6 7.56 14.3
g/cm’

Heat of Formation, 0.183 0.184 0.338 0.14 0.15
kJ/mol

Entropy 242 35.6 376 419
kJ/molK

Specific Heat, kJ/molK 50.6 61.0 37.2 36.5
Tmer, K 3413 3803 4163 4033 4153
Thermal Expansion 7.74 6.73 6.06 6.50 8.29
Coeff, 10* K"

Thermal Cond 29.0 54.7 16.7 38.0 59.2
@ 293 k, W/mK

Electrical Resistivity 0.52 0.50 0.45 0.51 0.42
@ 293 k, pQm

Thermal Coeff of 1.16 0.95 1.42 0.86 1.07
Resistivity, K

Microhardness, 314 28.7 28.4 19.2 15.7
GN/m?

Modulus of Elasticity, 46.0 36.5 345 29.1
10° kg/mm?

Figures 4.9 to 4.28 are taken from reference 9. They summarize the temperature-
dependent capabilities of refractory carbide materials of interest for this project.
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Figure 4.10. Thermal Diffusivity of Tantalum Carbide.
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Figure 4.14. Specific Heat of Hafnium Carbide.
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Figure 4.16. Thermal Diffusivity of Hafnium Carbide.
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V. INTERCHANGES WITH SCIENTIFIC PRODUCTION ORGANIZATION
LUCH (NPO LUCH), RESEARCH CENTER ISTOK (NTTs ISTOK) AND THE
SCIENTIFIC RESEARCH INSTITUTE OF THERMAL PROCESSES (NIITP)

The purpose of recounting the mechanics of our dealings with Russian entities is to
allow our experience to benefit other US companies and institutes wishing to deal with
Russia.

Dealings with Russian entities relevant to the performance of this contract
consisted of three major functions: visit of the PI, Elliot Kennel to visit Russian facilities
to determine the potential for interactions (accomplished during the pre-proposal phase
and hence not an expense incurred under this contract); contracting with NPO Luch and
its associated export firm NTTs Istok; and working with Dr. Alexey Nikolayevich Ivanov
from NIITP.

In our original proposal we had intended to interface more strongly with NIITP
and not with NPO Luch/NTTs Istok; however during negotiations it was decided to
attempt to exploit the use of single crystal refractory metals, which necessitated a
connection with NPO Luch/NTTs Istok.

The use of foreign technologists is something which Space Exploration Associates
has done previously and can now be considered routine. Basically, this involves getting
permission from Russian authorities to temporarily release an individual from his normal
job duties, and hiring the individual as a part time employee.

Importing material (in this case, an ingot of single crystal tungsten-tantalum alloy)
is a more involved process. Because this experience may be repeated by other NASA
contractors, we believe that it would be useful to review the process in detail to facilitate
the purchase of similar items in the future.

First, the time of the initiation of our contract (25 October 1993) to the time we
took possession of the material (18 August 1994) was nearly ten months. This despite
the fact that we had already determined what we wanted to buy by July 1993. This long
delay was caused by a combination of political factors on the US and Russian sides. Our
purpose in recounting these difficulties is not to cast blame on one side or the other, but to
recount the factors that must be satisfied for a successful, legal import of Russian materials
to the United States. Entities wishing to do business with Russian institutes should not be
astonished to find that the bureaucracies of the two nations are very formidable.

We first considered whether we should have the machining done in Russia, or
whether it should be done in the US. The machining services are less expensive in Russia,
and furthermore the Russians obviously have more experience in machining this material
than Americans. However, we were told that this would vastly complicate the import
process on the US end, because the material would now be considered an aerospace
component, subject to much tighter restrictions. We were told that it was not impossible
to be granted a waiver, but State, Commerce, and the Bureau of Tobacco and Firearms
would be involved. On the other hand, if the ingot were sent unmachined, it be simpler to
declare through Customs. We elected to follow this route.

Incidentally, our corporate experience has generally been very favorable with
persons from the State Department, Commerce Department and Bureau of Tobacco and
Firearms. These individuals really do want to be helpful to US companies wishing to deal
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with foreign entities (an exception to this, early in the formation of our company, was a
bureaucrat at the State Department who once threatened to have the fax machine in our
office--in Cedarville Ohio--declared a foreign weapon and impounded, since it might
conceivably receive weapon information from Russia. We never called this gentleman
back, and so far our fax machine is continuing to operate without an import license. No
atomic bomb or other military secrets have been revealed to us so far, either). In general,
our experience has been that as long as we tell the government agencies in advance what
we want to do, they are almost always very helpful to us. However, they also tell us that
what they do not appreciate is when US companies do something first and tell them later,
and we have attempted to comply with this reasonable request.

At any rate, once deciding to attempt to import an ingot of W-Ta alloy, we were
told by letter from NPO Luch/NTTs Istok that a signed contract would be required in
order to place an order. We attempted to satisfy this requirement in early November by
placing a signed Purchase Order together with a signed letter indicating our intent to
purchase the item. We thought that this fulfilled the requirements on the Russian side, but
we were mistaken.

During a meeting with Yuri Nikolayev in Washington in December, this was made
clear. A formal contract would issue from the Russian side for our review. This was
transmitted to us via telefax in late January, translated and signed in February 1994
Obviously, the Luch people used some other contract as a model (note that on page one,
Space Exploration Associates is referred to as “being a legal entity according to the
legislature of Japan”) However, we elected not to contest this or any of the other
language of the document in the interest of saving time. From our point of view, it was
not necessary to have such a contract, but if it was required on the Russian side, we were
willing to sign it. Note: translation of an eight page legal contract can be extremely
expensive for most US companies. The actual contract plus English translation is
contained in Appendix I of this report in hopes that it may be useful to other NASA
entities wishing to do business with Russian business entities.

We were told that it would take four months from the time of signing the contract
to the time of delivery of the item. In actuality it took six months. We do not know the
reason for the long time of delivery. We doubt that there is a problem with back-orders.
The actual time to fabricate a specimen is likewise presumed to be short. It can be
assumed that paperwork processing is the most time consuming element in the process.

Clearing the item through customs took one week. We had to contract with a
broken, Schenker International of Columbus, Ohio, to extract the item from US Customs.
The Customs fees resulted in a cost overrun of about $3000.

Thus for companies wishing to estimate the costs of purchasing similar materials
from Russia, we recommend that about 30% extra be added to the price. However, this
cost should go down on repeat orders, since the procedure will become established, and so
less preparation will be required on the part of the US contractor.

Some individuals (who will remain anonymous here for obvious reasons) have
pointed out that it is possible to deceive US customs by declaring a lower purchase price--
for items less than ~§1000, it is often possible to take possession directly. However, the
Space Exploration Associates company policy must obviously be to do business fairly,
properly and legally within the frameworks of both the US and Russian government. We
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recommend against deceptive importing procedures, which are after all quite illegal.
Therefore, our suggestion is that a factor of ~30% additional cost for customs declarations
and fees and paperwork processing (labor) on the US side is probably typical for raw
materials of this sort. Finished hardware will probably be even more expensive and
probably more difficult to obtain proper permission to import.

Decide what to import Consult

State Department

Finished product?
Raw Material?

Commerce Department

Bureau of Tobacco and
Firearms

Nuclear Regulatory
Comission

Etc.

Import broker

Estimate Import Fees

Contract with Russian institute(s)
Specifications

Russian entity

_|  (professional translator required)

Manufacture Product

Deliver to US Airport

Deliver to US Customs

Clear Customs
Pay duty, fees

|
Take Delivery

Figure 5.1 Simplified “Wiring Diagram” for Import of Russian Materials
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As far as sponsoring the visit of Russian nationals to work as temporary hires is
concerned, we found this to be much simpler, having had similar arrangements in the past
with NPO Luch and other Russian and Georgian entities.

Dr. Alexey Nikolayevich Ivanov visited Space Exploration Associates for a period
of two months, using an H-1B visa. This is merely a question of filling out the appropriate
forms from the US Department of Immigrations and Ohio Bureau of Employment
Services. This was a straightforward process, and one which is recommended as an
excellent method for supporting international exchanges in a way which is beneficial to
both sides.

Dr. Ivanov contributed a theoretical modeling of discharge phenomena which is
included as Chapter VI in this report.
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VL TIME DEPENDENT ELECTRON ENERGY DISTRIBUTION IN A
SLIGHTLY IONIZED ATOMIC GAS

1. Introduction

This chapter, contributed by Dr. Alexey N. Ivanov of NIITP, analyzes the electron
energy distribution in a plasma. This is peripherally related to the design of arcjet thrusters
and other problems involving plasma electrical discharges.

In many physical problems it is necessary to know the time evolution of an electron
energy distribution function (EEDF). This reveals additional information about the
properties of plasma generated by a beam of ionized and neutral particles. The
characteristics of this plasma beam such as rates of plasmochemical reactions,
conductivity, dielectric permittivity and others may vary significantly in time.

Calculations of time dependent electron energy distribution functions have been
fulfilled for argon and xenon plasmas.' Detailed numerical calculations of degradation
spectra of electrons have been recently performed for atomic nitrogen, atomic oxygen and
molecular nitrogen.?**?

These formulas describing degradation spectra of electrons for moderate energy
(E> 200 eV) have been derived for the problem of the establishment of steady state
conditions after initiation of an electron source, and the concomitant problem of relaxation
phenomena.

2. The time dependent equation of the degradation spectrum of electrons in an
atomic gas.

We begin by considering a uniform atomic gas with uniformly distributed isotropic
sources of primary electrons, producing slightly ionized plasma. This situation occurs, for
example, in fissionable gas plasmas. The initial energy of electrons E, is assumed to be
less than 10 MeV when electron losses for brehmstrahlung are disregarded. The extent of
ionization is assumed to be small so that electron-electron (e-e), electron-ion (e-i) and de-
excitation collisions may be neglected also.

Then the equation of degradation spectrum may be written as®»’ :

o __0( dE
ST

. ! e . dE .
where n = n(E,t) is the electric energy distribution function, 5 is the average energy
T
deposition rate and Q(E,t) is the rate of electron production density per unit volume.
.. dE . . . .
The quantity I is a function of the energy E and has to be determined in
T

advance. When E >> I, where I is the atom ionization potential, the relaxation equation is
valid,
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where N is the atom density, v(E) is the velocity of electrons with energy E, o;(E) is the
cross section of the ith process of electron-atom interactions and E; is the average energy
lost by electrons in the ith process.

In a wide range of energies from p, = 0.1 eV up to E, the value may be
determined by the Monte Carlo method.6

The function %E for helium is shown in Figure 1. The shape of this curve is
typical for all atomic ga:ses.

Thus Z—E is an important value for further evaluation and is a function of energy E

T
only:

‘;—E - P(E) . 3)
-

By introducing the new notation
f{E,t) = n(E,t)P(E)
Equation (1) can be rewritten as

of of
= +P(E) 2 = PER(EY - )

The analytical solution of this equation is

f(E,t) = Ij:Q(E', t — 1(E) + 1(E"))dE' + F(t - 1(E)) . (5)
E,

where 1t(E) is the solution to Equation (3) with an initial condition t(E,) = 0. This
dependence for helium is shown in Figure 2. The specific form of F(t-t(E)) must be
determined from the initial conditions.

3. The establishment of steady state.

For steady state, the initial condition is f{E,0) = 0 and Equation (5) converts to:

f(E,t) = ?Q(E' ,t—1(E) + 1(E"))dE' (6)
E(t(E)-t)

where E(7) is the inverse function of 1(E).
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Because the specific form of the source term is difficult to evaluate, we have considered
first the high energy regime of the degradation spectrum E>>1. In this case we have
been able to ignore the contribution of secondary electrons in Q(E,t) because these
electrons have been produced with less than 100 eV, and so

QE.n=SERL

where S(E) is the density of primary electron production and 8(t) is Heaviside’s function.
Thus the solution of Equation (1) can be written as:

f(E,t)= ? S(E")0(t — T(E) + 1(E"))dE'= Ij:S(E')dE' , @)
E[«(E)-t] E[<«(E)-t]
with
1 E
n(E,t)= —— [S(E")dE'
( E[t(E)-1]

When E >> I, Equation (2) is valid and finally we have

1 E[t(E)-t]

n(E,t) = Nv(E)Zoi(E)Ei £ S(E'XE' ®)

The establishment of steady state requires a time t ~ T(E). The steady state is
described by

—_ 1 E° ' U
") S EE e, fs(ee . ©)

This result coincides with a stationary distribution deduced from a model of continuous
slowing of electrons.””’

4. Relaxation of the stationary degradation spectrum

In this case in the high energy tail of the degradation spectrum, Equation (1) can
be simplified to

gﬂ: ——a-(nd—E) . (10)
ot JE\ dt

Taking into account the initial condition n(E,0) = ny(E),

S3



EO
n(E, 1) ! [S(E')E! . (11)

" NVE)Zo (B ¢

The typical time of relaxation of steady state in the vicinity of energy E appears to be the
same as the time for the establishment of steady state. Evidently, this is a consequence of
the linearity of Equation (1).

S. Conclusions.
The main results are as follows:

1. The analytical solution of the time dependent equation of the degradation spectrum has
been obtained.

2. In the high energy tail of the degradation spectrum (E >> 200 eV) we have obtained
convenient formulae describing the establishment of steady state and the relaxation of the
stationary degradation spectrum.

3. It has been shown that the establishment of a stationary degradation spectrum in the
vicinity of energy E >> I requires a time t ~ t(E). The same time is needed for the
relaxation of steady state in the high energy regime.

4. The stationary solution of the equation of the degradation spectrum appears to
coincide with the solution resulting from the model of continuous slowing down of
electrons.
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Figure 6.1. Energy deposition rate as a function of electron energy.
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Figure 6.2. Relaxation time as a function of electron energy.
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VII. CONTRACT REPORTING REQUIREMENTS
1. Product Assurance Program Plan.

This effort is a research and development project. The hardware deliverable
consists of a metal ingot, 3.5 cm diameter by 10 cm long, made from single crystal
tungsten tantalum alloy which was fabricated under subcontract by the Scientific Research
Center Istok/Scientific Production Organization Luch, in Podolsk, Russia.  The
specifications were prepared by the Project Engineer, Mr. Elliot Kennel.

2. Preliminary Hazards Analysis and Operating and Support Hazard
Analysis.

The contract hardware deliverable consists of a metal ingot, 3.5 cm diameter by 10
cm long, made from single crystal tungsten tantalum alloy which was fabricated under
subcontract by the Scientific Research Center Istok/Scientific Production Organization

Luch, in Podolsk, Russia. This material is chemically inert, non-flammable and does not
pose any hazard to the environment or to safety.

3. Failure Mode Effect and Criticality Analysis.

As this effort is research and development, these criteria do not apply.
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VIII. CONCLUSION.

Ultimately, the success of this effort will be evaluated according to whether the
materials discussed herein result in a superior arcjet or not. Thus, we will have to await
test results to determine the ultimate successs. However, there are several indicators
which give good cause for optimism.

Fabrication of tungsten alloy single crystals in the sizes required for fabrication of
an arcjet anode has been shown to be feasible. Test data indicate that the material can be
expected to be at least the equal of W-Re-HfC polycrystalline alloy in terms of its tensile
properties, and possibly superior.

We are also informed by NPO Luch that it is possible to use Russian technology to
fabricate polycrystalline W-Re-HfC or other high strength alloys if desired. This is
important because existing engines must rely on previously accumulated stocks of these
materials, and a fabrication capability for future requirements is not assured.

The carbon composite materials technology appears up to the task of fabricating
arcjet anodes as an alternative. However, whereas some NIITP designs employ a rotating
arc to achieve high cathode performance and lifetime (but which places additional
requirements for high thermal diffusivity at the anode), similar achievements have been
made by optimizing the cathode thermal design for US arcjet thrusters. Accordingly, the
motivation for pursuing a high thermal diffusivity anode is not obvious for US designs,
and NIITP has thus far not been successful in supplying a performance rationale.

On the other hand, carbon materials may offer higher strength and creep resistance
than refractory metal electrodes, which may be useful in its own right. Alternatively, if it
is necessary to keep certain parts of the anode cool, the high thermal conductivity feature
of carbon-carbon will represent enabling technology.
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XOHTPAKXT No H-108 X

Hayuno-npoR3sRoRoreeunce obvonunenus "Ayu”, saSANMeecs NPRARNECKEN
"ANOOR O JIAKOMONATEALCTHY Pooc:ﬂcxon_an.pnqn-,néﬁcrnyuqoo wepe3s Gmoe
OTRésenne -~ HTR "NMorox", usmeuyemoa = passnelmex “Npopaben”,c ORHOR
OTOPOHMN, X AMODNXKANCKAS accoguanus "SPACE EXPLORATION ASBOCIATES" xn-
SIoEANCS PPEANYACKEM LNLOM OO BAXONORATEALCTBY ANONEN, XMeHyeMas b
Aasrttefimex “Noxynareas”, SAKANUHAR MACTOSHNE XOMTPAKT O HEXKGCASAYWIGENM.

Ipe KT& .

MponaBer MAroTOBUT W NOCTABUT fMokynaresmn ofgHH  oO6pasel MNMOHOKPHC-
—— e e A
TAMTUYeCKOoro cnnaBa W-Ta puaxeTpoM 3,5 oM M gaunnoll 10 cx, a [loxynarenp
OMNAATHKT HX HIATOTORNGHHUEe H nocTaBKy -

aTbER 1. 8ALCTER CTOPO
L €A
1.1 .Nponasen MBrOTOBUT B COOTB@TCTBHHU © npuaoieﬂuax, xnnxnmhﬁéa
HEOTHEMNIENOA HACTRD HACTOANEIO KOHTPaKTa,l ofpasell MOHOKPHCTANLIHYECKO-
fo cnnapa W-Ta anamerpeoM 3,5 cm M aaunHol 10 cum. 1.2. lNpoaapell NOCTABHT
Mloxynaremw ogmua ofpasely MOHOXPHCTAANMMNaACKOro cnaasa W-~Ta yeped 120
AHOR C JATH NOQNMHCAKRWS KOHTPAKTA HA YCJOBHHAX «ccovccesiososvensa
1.3 TfNokynarteas B TedeHHe 10 aHeRA npopepeT npuemKy obpasna M coob-
UMT O Ppoe3yaeTarax lpoaapnty. B cayvae, ec/au B TedeHHe sroro CcpokKka He
NOCTYNUT KAKKX-/00 coobweHunit or MNoxynartensa © aAedexrtax, ToO obfpasely N3
W-Ta cuuTaercx NPHHATUH [NoKkynarenen. aP il
1.4. NoxynaTenr, B Teuaune 10 AHeR C© aaTH NOCTABKH oSpasua M3 W-Ta
aenaaTur Npoaanlly noCcTasky obpaaya. T
1.4. Cpoxu nNOCTABKH. garoﬁ nocTabpkH o6pa3uad CHHTASGTCHE JATA aBHA-

/

PR @ AIPUIUMLY Lt er e an ~
A (S
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TR ana xo xTa AZOX BOAnNMOPacue
2.1,,§§§§é nesa XouTPARTR SOSTALIAST 123.000 povidapun CiiA.
Hesia 4 - : - ?/(,
<

2.2. B uéuy BXOAST CTOMMOCTH u:roronneuun obSpaana, YNaxKoBKH, ——— .
N2PKHMDOBXH, TPAHCMOPTHMMX pPACXOROB QO aoponopra B r....*gka;SQXOB&-
HHMA Tpyaa., OnAATA TaMOXEHHHX NOOANK H TAMOXOIZHIIX yeayr B r.MOCKDBEC .
OMIATA TaMONEHHUX MOWIHH M AVGUX APYTHX MAATexXeR B CUOA JoEMT Ha
Noxkynareas.

2.3; HeHa TBeplas M MINGHEHHO HE NORJIGKMAT.

2.4. BaHKOBCKME PacXORW HA TePPUTOPHHM Poccufiokon PenepayH Hecer
Nponasel, ua Tepputopur ClA - [loXyhaTens.

2.5. B CAyuAe 3IagepxKM NJAATEXA flokynarens onJaauupaeT reyw b paa-
Nepe 0.05X OT CyxMiul nNiaTexa sa xaxauil geHs Ianepxxm, Ho He Gonee 5X or
CYNME naTexa.

2.6. B cayuae aanepaxu nocrasxy  ofpaana [poRasuyon, Noxynarens

HMEAaT WDARN VYhonwarr 0 0Z¥ oF oyxxy JsaTema Sa Raafoin LEHD JSagepxsm,
b

HO He Gonee 5% oT CyMMn NIATOXX.
K& £ OBXKA .

3.1. OOpazay noaxeH SuTe YNAKOBaH B Tapy, obecneuypapmyw aro cox-
PAaHHOCTE UPH TPAHCNOPTHPOBKE.

3.2. MapxypoBXa ROAXHA OHTh BHNOAHEHA HECMLBASMONI KPACKOA HA aM-
rAMACKOM AJINKE M HMETh Caegyouyo MHPOPMALLMO:

Chesnano 3 PoccocuAckoil ®anepaym

Haroroentens

ARpeC H3ITroTOBHTONA

KoHTpakT N

BpyrTo

HerTO

NyHRXT HAa’HAvuYeHns

Anpec K. HANNEHOBaAHME rpysonoaAy4arens

ORIGINAL PAGE B
OF POOR QUALITY



B cnyuyae HeoSXOAUMOCTH Tapa RoaxHA MMeT: ONSLUANBHY® MaPKKPOB-
Ky: "Bepx*®, "Hua", "He XaHTOBATM", “OCTOPOXHO".

aus ToBapa eaxf

Topap (uanenHe) CUHTAGTCH NOCTABNGHHMM TPORABLUOM M APHHATHN TOKy
naTeneM: .

= B OTHOM&GHHHW KANEeCTBA ~ MPU COOTBETCTBHH TPpabGoBAHUIAM, HIMOKGHH
B NMpunoxaeHuK,

- B OTHONEHHU KOJIMUECTBA - B COOTBETOTBHMH C KOAMUECTDOM NeCT
YKAJAHHNN B TOBADHO-TPAHCNOPTHON HaxaaaHoO# .

llocae orrpyak# rosapa Nponasey cofmaeT [lokynaTeao nDo TEASKS ..

- AN & N
(daxcy) o8 ero orrpynxe B queuug“g;x nHeR ¢ YKa33IUMCK HOXKepa pefica
AATH OTCPY3IKH. a )
Cra

Onsara ToBapa (Miflenus) ,noCTaBAAGMOTO OO AAHHOMY KOHTPAKTY AOCAXHA
6uTer npouzBesiana lloxynareneM, KRa cwer lipogania, Beneficiary: Research
Centre “Current Sources"(ISTOK),Podolsgk,Russia,Account # 07003021/211
Bank of the beneficiary: Unicombank, Moscow, CHIPS UID 319346
(Unicombank (Podolsk): Komsomolskaya st.,46, Tel: 137-97-71)

Via: Account # 04-095-713 with the Bankers Trust Company,
PO BOX 318 Church Street Station, New York, 1003.
Tel: (212) 250-25-¢0
Contact peraon: Virginia Rose, in Money Transfer Department.

) S Xon oH OOTh.

68.1. Bca wHbOOpMALUMA no'xoncwpyxuuu TeXHO/IOIrHH HITOTOBVIeEHHSN, YC/o-
BMA IXCOAYATALMH K NPHUASHEHUN, NepefaHHAR fipogasly B pamkax HACTORLer<
KOHTPAKTA, RONMHA PACCHMATPKBATLCA KAK KoHduOSHUHANLRAR. Npopaser o6s-
IYeTCA NMPHHATL MEPH X COXPAHGHHD YKAalaHHOA HHOOPMALM ¥ He nepegaBaT:
€& TpeTsei CTopoHe. ODSTH oO6AMATENLCTBA HE OTHOCATCH K HREQOpNaLMK M3
OTKPMTHX HUCTOUNMKOB. ’

6.2. Nponasey oSsxsad CBAIATL TPETLO CTOPOHY, YHACTBAYDYD 10O HeOO-
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XORUMOCTM B HITOTOBAGRHH HWAM nNpoBepke oSpasita no HaCTosmenMy XOHTpaKkTy,
oSanaranrarpamy, ynoMauyTuM B oroll racoe.

ExaTex 7. FapanTEs,

7.1. Tapanrtus Nponasya ua COOTBOTCTBHC TpeboBaHHAM K ofpaayy, ua-
JIOXENHHN B JipunoxeuHu, xeilcTeyer B Teveune 12 necsyes, CYUTAR C AaTe
noCTaBKH. '

7.2. Ecau n_reueuue TapaHTHRHOI'O cpoka obpasel] OXAXeTCH He
COOTBETCTBYOMUMN cneyuudHkas, llpogasey o8doan namenurs Rebpexrroe Hafje-
/MG 32 CBOR CueT B Teualue 10 padouux Atelt.

7.3. o npocunbe lponansna i 2a erc cuer NMoxynarane RoAKeM mepHYTH
hedexTHO® KHanenue Mpoaasyy. '

7.4. TAPaHTMH He PACNPOCTPAHALTCOR HA MOTEPH, CRAJANLNLE C HeSpex-
HMNX o6panauueu.nenpanuasnuu XPAaHOHHOM , HCNO/AL B ODAHMEN He no HaJ3HAYEHNO .

aTh R eXSAMATIHNST .

.8.1. Tperenaux, xacavmmacs kKavdecTsa ToOBapa (M3ReAHN) MOTYT
SuTh nNpennAmAeny lIokynarenem Npogasmiy roanmko, CVIH KavecTBO TOBapa
(H3llenus) ne cooTPercTByeT TpeGoBaHHAX K #Heny, OrOBOPEHHHM HACTOAMUM
XOHTPaKTOK.

8.2. Iperensuu, Xacaoguecsa EKoauvecTda, MOryT OmrTh npenbsBeHb
Naxynarenex [llpogamyy soasxc B cayvae oSHOPYXSHHA HeJOCTauM BHYTPM
dupMeHHOA ynakoBxx HaroTobuUTesNsi, He HOCAllell cnenos BCKPHNTHS .

B_3_Taxeres poxa :psraxsx# HIAATALTOR NHCPAWNNRY Ly Ten COCTaBAeHMS
axra nﬁa FHECTHH LOPoRCTABHTGIN lipopasya nan,no coraacosanmo nponas-
UOMK,' NpegcramuTens Helrpaablloro KOHTPOAKPYOMero. oprasa CTpaHs loxyna-
TRenNR.

8.4. MoxynaTens HMear NpaABC NPOeRBLABMUTE NPEeTEHIMH Nposasyy B or-
HOlkGUMM xavecTBa D TeueHHe 10 Zuell C AATH NOCTABKK.

. flo ucuevenuy BHIIeYKRJIAHNOTC CPOKA NpeTeHaInn He OPHRHNALTCS .

- 8.5.MpeTeuaun Venyer HanpaBHTbh SaKAIHWH NMHChNON, © NPpHAOXEHUEN

BCEX HAOOXOAMMNX XOKYMAHTOB MOATDEPAAADNHX NPUIATCASNYD NPETEHIKD.
BuNIeyXal3auHOe NHCLMO HOMKHO copepxaTs anepyomve arpubyru: HOMCD
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KOHTPAKTA U A3ATY OTNPABKH JOXYNQHTOB, AATY NPHOMTHA M NMHCNEXTHPOBAHHR
TOBApa (MBRenMN), XOAHYGCTEO TOBAPA (HIAGAMA), D XeM KOHKPQTHO BHpPa-
xaeTcs npereHsus. [[poRaBell MXe4T NpaBo CaM Ha MeCTe NpPOoBepnTd OOOCHO-
BAHRHOCTh npeabsSBafsednol npeTeHsaun.

ThR C=NARXD OCTORTO LY B&A «

9.1. CropolH ocBOSONARANTCHS OT OTBE@TCTBOHHOCTH 28 NACTHYHOe HUAK
NIOMHOE@ HEBHIONHa&RHe OSAZATEALECTE MO HACTONAREHY KOHTPAKYY, eCJIM OHO
ABMAOCH CAEACTEBWEN HNPAOROMMHOA cuan (OTHXHANNe &eACTBMA, BOBHHWE
AefcTBUA, 3a8ACTOBXH, peNeHUS NPapHTe/IbCTBEHINX OPraHoOB M T. f.), Ha
KOTOpPME CTOPOHM He NOIJM MOBAHATE PASYMHLUMHU MepaMH.

9.2. Ctopora, RN KOTOPOR CONANACE HCBOIMOXKHOCTHL HCINOJAHEHWA
o8AAKTANLOTE N0 KOHTPaAXTY, OSARAHA HeMopgneHKo (HO He mnmo3xe 5 [AHeR)
RHPOPMWPOBATE RPYLYD CTOPOHY O HACTYNAGHHH OBCTOATENBRCTB HENPEOROAN-
Nof cuwasl. [IpH 2TOK, CPOKH HoRnoaHeHyus OSAIATENALCTE NO KOKTPAKTY OTOR™-
BArapTCS COPA3NEpPHO BpexeHH, B Teé4HYeHHe KOToporo AefiCTBOBA/IM TakHe
OoBCTORTENbLCTBA .

9.3. JOoKaaaTensCTBOM HaMWYHA TaKuX obcToATenbcTrs OYAYT CbBHiae-
TQALCTEA COOTBETCTBYONHUX TOProsHX Nanar obenx CToOpoH.

9.4. EcNH orH abororTeaveraa Gyayr paureca Gonee 6 Mecaues, TO
Xaxaass CTOPCHA HMK@EOT NPaABO PACTOPrHYTH HACTOANUMA XOHTPAKT, #, B ITOM
c¢nyuae, MM OfHaA M3 CTOPOH He Bnpame Tpebomars OT gpYyroik CTOPOHH BO3I-
ISLSHHA KaKuxX-auG0 yOutTxob.

Fmmemy m A A [ ——
P > Y [ 3

B cayuae ROJIHHKHOBEHHA MOXAY CTOPOHAHH CHNOROD nN/UAM PAINOTAACHA
BHe NAK B CANZH € ReHCTRHAMM HACTOAULEro KOHTPAKTA, CTOPOHH NpeanpuMyT
BCE BO3IMONXHOE® IQIA PAJDPSUEHHS HX RyTem AEPEronoposB.

EcnaM CTOPOHHN HE MNPHAYT K yperyJAupoBaHMIO CNOpPOB H/UAK PASHOrAACTHA
NQTOJOM NCParoBOPOB, JTH CHOPH M/K/AK PAIHOIAACHA AROMAXHH OHThL Ge3 Ka-
xux-anbo obpamennii B CyR fNepenaxds AAX PACCHMOTPEHnR B ApSurpax, pacro-
JIOKCHHRA B r; CTOoKIfonsna, DBeyunsn.

P238HpaTE&ALOTEO GyueT PDecCTHCh CAegyouuM oOOpa’zoN:

63



- 6 -

CTOPOHA HaMapeBAPIAACK OSPATHTLCA B ApSuTpax, JoAKHA ysenomnth
NMHCLME@HHO APYTYD O CBOUX ROACTBHRX, yKasan 9.H.0. cpoero apSurpa (Xxo-
TOPHM NO¥MRT OMTb rpaxganHnx oS0k OTpaMu), &;a agpec, CyTek gJgena, a
TakXe HOMEP U fATY DTOrO KOHTPAKTA. )

o nosAy4YeHHdH BTOro NUCLNA-YRQROMIGHHS APyTan CTOPOHA JAOMXHA =B
Tauanve 10 nuelk Ha2BeTL CBoCro apSHuTpa {xoToprn HOXST Gurb I PAxXgaHHK
A0COR CTPaAKH) U COOEMUTL NePBOR CTOPOHE B NMOLMEHHON BHAe erco ©®.H.O.
H afipec.

Ecnu cTopoxa, oSparTupwmelica » ApSuTpax, He ypaercx HaaIsaTh apbur-~
P& B YKaiMRHHHA CpOK, TO B 3TON Cayuae apburp (xoTOpHM NMOXET OGuTb
FPaAXDaAHHH JAbbofi corpans) HAIHAYAQTAR NPAJHAGHTOM TOProOBOR pnaJaTu
r.Croxronmna, lisenus, 3 TeueHHe 30 RHEeA nocne npoca6u'cropouu, oSpa-

Hazpaueuwun apSurp He MoxeT SuTh OTKAOHel CTOPOHAMH YUACTHHXamu
ATOHTDERA  Nmoe apéurpsn KOTYT E&354Th TPpeTbol'v apbnrpa (KOTODHM MOXET
EuTL PDARRRNUN afos orpanue) = pousiue 30 ARAESH NOUGE HA HagHaseman.

Ronu apSurpan ua YOAGTCHA NPUATH X COrMANCHHIO B OTHOXIEHMM KRMIE-
RaTyph TpeTharc apSurpa, nociaefHuR no npocsbe CTOPOH HA3MAYAETCA Npe-
3ufeHTONM TOPropoR nanar r. Crokroasna, peuns. HaadadeHHMA ap6Gurp He
HOMGT OHMT> OTK/IOHGH CTOPGHAaMM.

Powenuae ApSurpaxa NMPHHKMAGTCR S0NLEMHCTEOM IOJIOCOM apOHTpOB Ha
OCHOH& H B paNKAX MAT@PHANCE HACTOAMEro KOHTPaKTA.

Pemexne JpoaxHo Smth MOTHDHPOBAHHLN M KPONE TOrQ COUepPXRATH yKaasa-
HUs Kax RomxHu GUTH NOMENeHMN MeXAY GTOPOMAMM PACKOAM, CBRA3IAHHNE C MX
abpaneHnen » ApSUTpax.

Pemenne ApSurpaxkoro Cyaa Acaxno GHTL BHHeCeHO no BO3IMOXHOCTH B
TeUauHe 6 MEOSLOB C JIATH HAYAAL JACERAHHA APSHIPAXHOro cyna, JOAXKHO
6LTEr OXOHUATRABHMM K OSAVATEALHLM X MCNO/AHEMWO AR oDoMX OTOpPOH.

OTNOG@HKHA CTOPOH,KOTOpHE Me OTODOP#HM HJIH Hé NOMHOCTL OroOBOPEHN
HacToamuM XOHTPaKTOM, AO/MxHE  DEryAHPpOBATLCS NPUHATRMHA HOPMaMK
BRSATEETS URFICCIDSHHGIC npaba. .

NpuxeneHue fNipasnn xor¢auxrTa no JAKOHY M“CKJIOYGHO.



11.1. Noxynarenbr rapaHTHpyaT coxpaHeHdMe npa®m COSGCTBEHHOCTH Npo-
napua Ha MaTapuas ofpa3sna H TeXHOAOTWD e€roc HIroToBACHHMA, a rakxe Ha
aoSyon uHupopNawMw IepenasacMyn Noxynareno M onpespenagnyo Npogasyox xax
XOHOHABHUHAMNLHYD .HE OXHa MO OTOPOH Heé BNpaBe NepafaBaTe GBOM npaBa M
oSaaarenbcrRa, npenybnorpauﬂue HACTOSNHN KOHTPAKTOM, TPETbLMM AHUAMN, 3a
HCKAGUEHHEM BAKOHHHX NPABONPHOMHMKOB CTOPOH, 063 DUCHHEHHOrO COrAACHSA
APYT'OK CTOPOHH.

l1l.2.HacTomiUA KOHTPAKT BCTYNAST B CHAY C MOMEKTA NOANHCAHMMA &ro
CTOPOHaMM M RafcCTBYeT AC NOAHOTO BHNOAHAHMS O08jiDATEALCTD CTOpPOHaMH.
10 COTNAMEHWD CTOPOH KOHTPAKT MoweT OHTL NpOMONTUPODAHM .

11.3.0eRcTRHa Kburpaxra KoxeT OMThE NPOXPAREHO B OAHOCTOPOHHEN
MOPALKE AOCPOMHO B CJ/AYyUae HEeBMNOAHOHKA OJHOR 13 CTOPOH cmouX o6aza-
TenLCTB B TeédeHuae 3 Mecayaen. [Ipk aToM, DHMHOBHAX CTOpoHa OOASaHa BO3-
ME@CTHTh APYrof cTOpoHe yBHTXH. [on yOMTKAMM OOHMMAIOTCS TOJLKO APAMLE
PACXORM, KocBeHNbe YOHTEY H YNYHEHHAA BHroA3a BOTMANEHUD He HORNeXAaT.

11.4.0cCNe NOANMMCAHUA HACTOAMSIO KOHTPAKTa BCE CCH/IKH HA HMeBIHE
NeCTO pPaHed HeperoBOPH H NePeNHCXY CHYHTAKTCA HefeRCTBMTesSIlbHHMH.

11.5. Boce u“U3INGHEMNMX U RONOAHCHHUS X HACTOALeMY KOHTPAKTY Oyayr
HrActe Caiy, ©CAM OHM COBEPUEHH B NMHCLMEHHOR QOPNe H noagnMcaHM YNoHO-
MOYEHHHKY NPeACTABHTEARKY CTOPOH.

11 .6.Haoroamufi XOHTPAKT COCTABMAGH B 2-X SK3eMNASPAX HA PYCCKOM K
AHIAMACKOK AIHUKAX NO ORHOMY JIKAennaspy AAS xaxgOA CTOPCOHH, NPHYEN BCe
SKEEeMMNSPH HMMeT OOHHAKOBYD CHay.

11.7. Hacroamu# KOHTDaKT BX@GTE C NDH/IOKEHMAMU conanxur

52 OTPaHUY.

COBeDUGHO B I'. MOCKBE® POCCHACKAR PENACPALIMMA. . e cccoersesseass1993,
KOoHTpaxT scTynaeT B CHAY C AATM €ro NOaAnHCaHMs .

" " 199_ r.

65



Tinonas]
EPUIHYECYHE AIPECA CTOPOH

Research Center ISTOX “SPACE EXPLORAYION
Resonrch Institute of sScieatific ASSOCIATES®
Induartial Association LUTCH
24, Zhaleznodarozhnaya Street
Podolsk, Moscow Region
Russia 142100 '
Phone: 7-095-137-98-76
Fax: 7-095-137-93-84
7-095-137-37-564

Sa "SPACE EXPLORATION

ABBOCIATES"
VO
e Fel’) oo |94

66



Contract No. N-108 K

The scientific-production association "Luch," being a legal
entity according to the legislature of the Russian Federation,
operating through its division - NTTs "Istok," henceforth named
the "Seiler," on the one hand, and the American association
"Space Exploration Associates," being a legal entity according to
the legislature of Japan, henceforth named the "Buyer," have
entered into the said contract as described below.

Objective of the contract.

The Seller will fabricate and deliver to the Buyer a single
specimen of a W-Ta monocrystallic alloy, 3.5 cm in diameter and
10 cm long, and the Buyer will pay for its fabrication and deliv-
ery.

Article 1. Obligations of the parties.

1.1. The Seller will fabricate in accordance with the Appen-
dix, which is an inseparable part of said contract, one specimen
of a monocrystallic W-Ta alloy, 3.5 cm in diameter and 10 cm
long. The Seller will deliver to the Buyer one specimen of the
monocrystallic W-Ta alloy within 120 days from the date of con-
tract signature on the terms . . . . . .

1.3. The Buyer will within 10 days conduct an examination of
the specimen and inform the Seller of the results. In the event
that in the course of this time period no communication is re-
ceived from the Buyer regarding defects, the W-Ta specimen will
be considered as accepted by the Buyer.

1.4. The Buyer will within 10 days from the receipt of the
W-Ta specimen pay the Seller for the delivery of the specimen.

1.4. Delivery date. The specimen delivery date will be
considered as the date of the aviation bill of lading at the
airport in the city of. . «. . . « .

Article 2. Contract cost, sequence of interrelated calculaticons.

2.1. The total cost of the contract is US $12,000.
The cost of a single specimen is US $12,000.

2.2. The cost includes the cost of fabricating the specimen,
packing, labeling, expenses for transportation to the airport in
the city of . . . ., insurance charges, payment of customs duties
and customs services in Moscow. Payment of customs duties and
other payments in the USA are the Buyer's responsibility.

2.3. The cost is firm and not subject to change.

2.4. Bank expenses in the territory of the Russian Federa-
tion are born by the Seller, in US territory - by the Buyer.

2.5. In the event of a delay in payment, the Buyer will
incur a cost of 0.05% of the payment sum for each day of delay,
but not more than 5% of the payment sum.

2.6. In the event of a delay in receipt of the specimen by
the Seller, the Buyer has the right to deduct 0.05% from the
payment sum for each day of delay, but not more than 5% of the
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payment sum.

Article 3. Packing and labeling.

3.1. The specimen must be packed in a packing that will
protect it during transportation.

3.2. Labeling must be done with indelible dye in English and
contain the following information:

Made in the Russian Federation

Manufacturer

Address of manufacturer

Contract No.

Gross weight

Net weight

Destination point

Address and name of freight recipient

If necessary, the package should have special markings:
“top," "bottom," "do not tilt," "handle with care."

Article 4. Surrender and acceptance of merchandise (manufactured

item).

The merchandise (manufactured item) is considered delivered
by the Seller and accepted by the Buyer:

- in regard to quality - when in compliance with the Re-
quirements as set forth in the Appendix,

= in regard to quantity - when in accordance with the quant-
ity indicated on the merchandise transportation manifest.

After dispatch of the merchandise, the Seller will inform
the Buyer via telex (fax) of its dispatch within the third day
with specification of the dispatch route number.

Article 5. Payment.

Payment for the merchandise (manufactured item), supplied in
accordance with said contract, must be made by the Buyer tc the
Seller's account, Beneficiary: Research Centre "Current Sources"
(ISTOK), Podolsk, Russia, Account # 07003021/211.

Bank of the beneficiary: Unicombank, Moscow, CHIPS UID 319546
(Unicombank Podolsk: Komosmolskaya st. 46, Tel: 137-97-71).
Via: Account # 04-095-713 with Bankers Trust Company,

PO Box 318 Church Street Station, New York, 1008.

Tel: (212) 250-2500

Contact person: Virginia Rose, in Money Transfer Department.

Article 6, Confidentialit

6.1. A1l information on fabrication design technology,
conditions of exploitation and application disclosed by the
Seller within the framework of the said contract must be consid-
ered as proprietary. The Seller is obligated to take measures to
protect the indicated information and not transmit it to a third
party. These obligations do not pertain to information from open
sources.
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6.2. The Seller is obligated to bind a third party, which
participates by necessity in the fabrication or in the examina-
tion of the specimen in accordance with the said contract, to the
obligations mentioned in this Article.

Article 7. HWarranties.

7.1. The Seller's warranty on the pertinent specimen re-
quirements as stated in the Appendix will be in effect for 12
months from the delivery date.

7.2. If in the course of the warranty period the specimen is
not found to be within specifications, the Seller is obligated to
replace the defective part at his own expense within 10 working
days.

7.3. At the Seller's request and at his expense the Buyer
must return the defective part to the Seller.

7.4. The warranties do not extend to losses associated with
carelessness, incorrect storage, unintended uses.

Article 8, Complaints.

8.1. Claims regarding the quality of the merchandise (manu-
factured part) can be presented by the Buyer to the Seller only
if the quality of the merchandise (manufactured part) does not
satisfy the requirements as stipulated in the said contract.

8.2. Claims regarding quantity can be presented by the Buyer
to the Seller only in the event of the discovery of a shortage
inside the manufacturer's package and with the package showing no
evidence of previously having been opened.

8.3. These kinds of claims are to be in writing by drawing
up @ statement with the participation of a Seller's represen-
tative, or with the consent of the Seller, a representative of a
neutral inspection organ in the Buyer's country.

8.4. The Buyer has the right to present claims to the Seller
relative to quality within 10 days following the date of receipt.
Claims will not be accepted after the expiration of the above
stated time period.

8.5. Claims must be forwarded by registered letter with the
inclusion of all necessary documentation to substantiate the
enclosed claim.

The above mentioned letter must contain the following attributes:
contract number and transmission date of documentation, date of
arrival and inspection of the merchandise (manufactured part),
quantity of merchandise (manufactured part), the specifics of the
claim. The Seller has the right to do an on the spot check of the
particulars of the claim presented.

Article 9. Force majeure circumstances.

9.1. The parties are relieved of responsibilities for par-
tial or complete non-fulfillment of the terms of the sajid con-
tract if due to insuperable forces (natural calamities, the
effects of war, sabotage, decisions of governmental bodies,
etc.), which the parties are unable to influence by reasonable
means.
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9.2. A party finding it impossible to discharge the respon-
sibilities in accordance with the contract is obligated imme-
diately (but no later than 5 days) to inform the other party of
the advent of an insuperable force. Thereupon, the period of
fulfiliment of the contract responsibilities will be extended for
a time proportional to the duration of such an insuperable force.

9.3. Proof of the existence of such circumstances will be
attested to by appropriate chambers of commerce of both parties.

9.4. If these circumstances will last longer than 6 months,
then each party has the right to cancel the said contract, and,
in this case, neither of the parties has the right to demand any
loss compensation from the other party.

Article 10. Arbitration.

In the event of disputes between the parties and/or discord
beyond or in connection with the said contract, the parties will
do everything possible to resolve them through negotiations.

If the parties fail to settle disputes and/or discords
through negotiation, these disputes and/or discords must be
submitted without any legal appeal for arbitration in Stockholm,
Sweden.

The trial will be conducted in the following manner:

.the party intending to turn to arbitration should notify the
other in writing of his action by indicating the name of the
arbitrator (who can be a citizen of any country), his address,
date of action, and also the number and date of the said con-
tract.

Upon receipt of this written notification the other party
should within 30 days designate his arbitrator (who can be a
citizen of any country) and inform the first party in letter form
of his name and address.

If a party, having turned to arbitration, does not succeed
in designating an arbitrator within the designated time period,
then in this case the arbitrator (who can be a citizen of any
country) will be designated by the president of the Chamber of
Commerce in Stockholm, Sweden, during the 30 days following the
request by the parties that are turning to Arbitration.

The designated arbitrator cannot be declined by the parties
participating in Arbitration. The two arbitrators can designate a
third arbitrator (who can be a citizen of any country) in the
course of 30 days after their appointment.

If the arbitrators do not succeed in coming to agreement
regarding the candidature of the third arbitrator, the latter is,
by request of the parties, designated by the Chamber of Commerce
in Stockholm, Sweden. The designated arbitrator cannot be de-
clined by the parties.

The Arbitration decision is my majority vote of the arbitra-
tors based on and within the framework of the materials of the
said contract.

The decision must be justified and in addition contain
instructions as to how the expenses associated with the Arbitra-
tion are to be divided between the parties.

The decision of the Arbitration Court must be rendered as
far as possible within 6 months from the date the Arbitration
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Court 1s seated. It should be final and obligatory for implemen
tation by both parties.

The relationship of the party which is not stipulated or not
entirely stipulated by the said contract should be governed by
established common Swedish property law.

The application of the rule of conflict is in accordance
with exclusivity law.

i . Ot conditi

11.1. The Buyer guarantees the preservation of the property
rights of the Seller to the specimen material and its fabrication
technology, and also to any information transmitted to the Buyer
and determined by the Seller to be proprietary. Neither of the
parties has the right to turn over its rights and responsibili-
ties as stipulated in the said contract to a third party, with
the exception of legal representatives of the parties, without
written agreement between both parties.

11.2. The said contract enters into force at the instant it
is signed by the parties and remains in effect until the respon-
sibilities of the parties are carried out. Contract extension
can be made by agreement between the parties.

11.3. The operation of the contract can be terminated uni-
laterally ahead of schedule in the event one of the parties fails
to discharge its repsonsibilities for a period of 3 months. In
this event, the party at fault is obligated to recompense the
other party for losses. Only actual expenses are considered as
losses, there is no liability for indirect losses and loss of
profit.

11.4. Upon signing of the said contract all references to
previous negotiations and correspondence are considered null and
void.

11.5. A1l changes and additions to the said contract will be
in force if they are accomplished in written form and undersigned
by the authorized representatives of the parties.

11.6. The said contract is drawn up in duplicate in the
Russian and English languages with one copy to each party, each
copy having equal validity.

11.7. The said contract together with the Appendix contain 9
pages.

Accomplished in Moscow, the Russian Federation, 1993.
The contract becomes effective on the date of signing.

199 .

Page 8 1ists the Legal Addresses of the Parties and is self-
explanatory.

The Russian signer on behalf of NTTs "ISTOK" and NII NPO "Luch"
is Yu. V. Nikolayev.
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APPENDIX

TECHNICAL REQUIREMENTS
on the monocrystallic specimen
of W-Ta alloy

1. Content in the alloy of the alloying component Ta: 1.5 £ 0.2 %
by wt.

2. Possible orientation of the monocrystal: <110>. The allowable
deviation from the axis of orientation is up to 5°.

3. The content of basic impurities in the alloy does not exceed:
(in % by wt.)
Material c 0 N Me

W-Ta ~1.10"2 ~1.10-3 ~1.10~%4 ~1.10-1

4. The allowable angle of mutual disorientation of the subgrain
is up to 4°,

5. Deviation in specimen dimensions : diameter - 3.5 * 0.1 cm
length - 10.0 £ 0.2 em
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